Introduction
============

Myocardial infarction (MI) inhibits blood flow to the heart and damages cardiac muscle, which may lead to heart failure, an irregular heartbeat or cardiac arrest ([@b1-mmr-14-04-3503]). MI is one of the predominant global diseases due to its high mortality and morbidity rate, it is also a burden on the healthcare system in various countries ([@b2-mmr-14-04-3503]).

The communication between the brain and the heart is considered to be bidirectional ([@b3-mmr-14-04-3503]--[@b5-mmr-14-04-3503]). During cardiac disease, the brain signals to the heart; cardiac dysfunction initially occurs and then the brain provides feedback to the heart via sympathetic drive or fluid regulation to sustain the cardiac disease state ([@b2-mmr-14-04-3503],[@b6-mmr-14-04-3503]).

Previous studies have examined the central structures or brain neurons associated with MI and heart failure ([@b7-mmr-14-04-3503]--[@b11-mmr-14-04-3503]). Monitoring of proto-oncogene c-Fos (c-Fos) expression levels has been established as a reliable technique to identify neural populations of metabolically activated brain regions ([@b12-mmr-14-04-3503],[@b13-mmr-14-04-3503]). The selective expression of c-Fos has previously been observed in the rat brain following heart failure ([@b11-mmr-14-04-3503]). It is generally accepted that neuronal activation or changes in the brain occur following MI, however, the mechanisms involved remain poorly understood. The paraventricular nucleus of the hypothalamus (PVNH) and the paraventricular nucleus of the thalamus (PVNT), which exhibit c-Fos expression following stresses, including capsaicin-induced nociceptive pain in rats ([@b14-mmr-14-04-3503]). However, to the best of our knowledge, this effect has not been reported during MI. Therefore, the present study examined the changes in c-Fos expression levels in the PVNH and PVNT of rats to understand the pathophysiology and improve the management of MI ([@b15-mmr-14-04-3503],[@b16-mmr-14-04-3503]).

Materials and methods
=====================

Induction of MI
---------------

Male Sprague-Dawley rats (12 weeks of age; body weight, 300--320 g) were obtained from the Experimental Animal Center at Kangwon National University (Chuncheon, South Korea). A total of 98 male rats were housed in individual cages (temperature, 23°C; humidity, 60%) under a 12 h light/dark cycle, and provided with commercial chow and water *ad libitum* and throughout the experimental period. The procedures for animal handling and care were in compliance with the Guide for the Care and Use of Laboratory Animals, and were approved by the Institutional Animal Care and Use Committee at Kangwon National University (Chuncheon, South Korea).

MI was induced as described in our previous study ([@b17-mmr-14-04-3503]). Briefly, the animals were intubated and ventilated with a small animal ventilator (model SAR-830/P; CWE, Inc., Ardmore, PA, USA). The left coronary artery was permanently ligated below the left atrial appendage. Sham-operated animals were subjected to the same surgical procedures without ligation of the left coronary artery.

Tissue processing for histology
-------------------------------

The rats were anesthetized with intraperitoneal injection of pentobarbital sodium (30 mg/kg; JW Pharmaceutical, Seoul, Korea) at 1, 3, 7, 14, 28 and 56 days (n=7 at each time point) after MI induction. Subsequently, they were perfused via the abdominal aorta with 0.1 M phosphate-buffered saline (PBS; pH 7.4) followed by 4% paraformaldehyde in 0.1 M phosphate-buffer (pH 7.4). The hearts were excised and embedded in paraffin blocks and sectioned into 6 *μ*m sections at 600 *μ*m intervals. The brains were removed and embedded in tissue-freezing medium and serially sectioned into 30 *μ*m coronal sections using a cryostat (Leica Microsystems GmbH, Wetzlar, Germany).

Masson\'s trichrome staining
----------------------------

The heart sections were stained to examine the histology of the heart using Masson\'s trichrome staining as previously described by Ahmet *et al* ([@b15-mmr-14-04-3503]) the sections were placed in the Biebrich scarlet-acid fuchsin solution (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany) and aniline blue (Sigma-Aldrich; Merck Millipore) to detect the area of infarction in the heart tissue of MI-induced rats. Images were obtained using a light microscope (BX53, Olympus, Hamburg, Germany) equipped with a digital camera (DP72, Olympus) connected to a PC monitor. Whole images of the heart were merged by image analyzing system Optimas version 6.5 (CyberMetrics, Phoenix, AZ, USA).

Crystal violet (CV) and Fluoro-Jade B (F-J B) histofluorescence staining
------------------------------------------------------------------------

To examine neuronal damage in the diencephalon following MI, CV staining and F-J B histofluorescence staining were performed as previously described ([@b18-mmr-14-04-3503]). In brief, the sections were stained with 1.0% (w/v) CV acetate (Sigma-Aldrich; Merck Millipore) and dehydrated. For F-J B histofluorescence, the sections were immersed in 0.0004% F-J B (Histo-Chem, Inc., Jefferson, AR, USA) staining solution. The sections were washed with 0.1 M PBS and examined using an epifluorescent microscope (Zeiss GmbH, Göttingen, Germany) with blue (450--490 nm) excitation light and a barrier filter. Five randomly selected microscope fields (×400 magnification) were photographed to represent each rat.

Immunohistochemistry for c-Fos
------------------------------

c-Fos immunohistochemistry in the diencephalon was performed according to our previous study ([@b18-mmr-14-04-3503]). Briefly, the sections were incubated with primary rabbit anti-c-Fos (cat. no.. sc-52; 1:200; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), followed with secondary antibody incubation at room temperature for 2 h (cat. no. BA1000; 1:200; Vector Laboratories, Inc., Burlingame, CA, USA) and developed using a Vectastain ABC kit (Vector Laboratories, Inc.). They were visualized with 3,3′-diaminobenzidine in 0.1 M Tris-HCl buffer. Five randomly selected digital images of the PVNH and PVNT groups per rat were captured using Olympus light microscope equipped with a digital camera (DP72, Olympus) connected to a PC monitor

Western blot analysis
---------------------

To obtain the accurate data for changes in level of c-Fos protein in the PVNH and PVNT following MI, the animals (n=7 at each time point) were sacrificed at 1, 3, 7, 14, 28 and 56 day following the induction of MI and the PVNH and PVNT tissue used for western blot analysis. As previously described ([@b19-mmr-14-04-3503]), the brain was transversely cut into 400-*μ*m thick sections on a vibratome (Leica Microsystems GmbH). The PVNH and the PVNT were dissected with a surgical blade under stereoscopic microscope. The tissues were homogenized in 50 mM PBS (pH 7.4) containing 0.1 mM ethylene glycol bis (2-aminoethyl ether)-N,N,N′,N′ tetraacetic acid (pH 8.0), 0.2% Nonidet P-40, 10 mM ethylendiamine tetraacetic acid (pH 8.0), 15 mM sodium pyrophosphate, 100 mM β-glycerophosphate, 50 mM NaF, 150 mM NaCl, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride and 1 mM dithiothreitol (DTT). Following centrifugation at in 16,000 × g for 20 min at 4°C, the protein level in the supernatant was determined using a Micro BCA protein assay kit with bovine serum albumin as the standard (Pierce; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Aliquots containing 20 *μ*g total protein were boiled in loading buffer containing 150 mM Tris (pH 6.8), 3 mM DTT, 6% sodium dodecyl sulfate, 0.3% bromophenol blue and 30% glycerol. Subsequently, each aliquot was loaded onto a 12.5% polyacrylamide gel for electrophoresis. The gels were then transferred to nitrocellulose transfer membranes (Pall Corporation, East Hills, NY, USA). To reduce background staining, the membranes were incubated with 5% non-fat dry milk in PBS containing 0.1% Tween 20 for 45 min and then with rabbit anti-c-Fos (cat. no.. sc-52; 1:1,500; Santa Cruz Biotechnology, Inc.) for 24 h at 4*°*C, followed by incubation at room temperature for 1 h with peroxidase-conjugated goat anti-rabbit IgG (cat. no. A0545; 1:200; Sigma-Aldrich; Merck Millipore) and an enhanced chemiluminescence kit (Pierce; Thermo Fisher Scientific, Inc.) was used for detection. Loading controls were performed using β-actin incubated at 4*°*C overnight (cat. no. ab8227; 1:5,000; Abcam, Cambridge, MA, USA). Densitometric analysis for the quantification of the bands was performed using ImageJ version 1.46 software (National Institutes of Health, Bethesda, MD, USA), which was used to determine the relative optical density (ROD). The levels of c-Fos were normalized to the level of β-actin. A ratio of the ROD was calibrated as the percentage, with the PM 3 group designated as 100%

Data analysis
-------------

The size of the MI induced was calculated using the method previously described by Ahmet *et al* ([@b15-mmr-14-04-3503]) as an average percentage of the left ventricular endocardial and epicardial circumferences that were identified as the infarcted area in the Masson\'s trichrome-stained tissues. The mean number of c-Fos-immunoreactive (^+^) cells was counted in a 250×250 *μ*m square in five randomly selected images of PVNH and PVNT in each rat. Cell counts were obtained by averaging the total number of cells from each animal per group.

Statistical analysis
--------------------

Data are presented as the mean ± standard error. One-way analysis of variance and Tukey\'s post-hoc test were used in order to compare the difference of c-Fos immunoreactivity and protein levels between sham- and MI-operated rat groups. SAS software version 9.2 (SAS Institute Inc., Cary, NC, USA) was used to perform the statistical analyses. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

MI induction
------------

Masson\'s trichrome staining determined that the infarcted region encompassed between 41 and 46% of the ventricular circumference of the left ventricle following MI ([Fig. 1](#f1-mmr-14-04-3503){ref-type="fig"}). No difference in the infarcted area was observed between the different time-point groups. Viable myocardium was stained red and fibrosis caused by infarction damage was stained blue ([Fig. 1](#f1-mmr-14-04-3503){ref-type="fig"}). The sham-operated group was used as a control group and no blue staining was observed. By contrast, the infarcted zone in the MI-operated group had pronounced blue scar tissue. The infarct wall of the left ventricle was thinner (indicated with arrows in [Fig. 1](#f1-mmr-14-04-3503){ref-type="fig"}) following MI, whereas the non-infarct wall exhibited hypertrophy ([Fig. 1B and C](#f1-mmr-14-04-3503){ref-type="fig"}). Collagen and myofibroblasts accumulated in the infarct wall over time and replaced with necrotic myocardium by 56 days after MI ([Fig. 1D](#f1-mmr-14-04-3503){ref-type="fig"}).

MI-induced neuronal damage
--------------------------

The PVNH and PVNT were identified by CV staining ([Fig. 2](#f2-mmr-14-04-3503){ref-type="fig"}). The staining pattern observed in the MI-operated group was comparable with the sham group ([Fig. 2B, C, H and I](#f2-mmr-14-04-3503){ref-type="fig"}). F-J B fluorescence staining was used to detect neurodegenerating structures and F-J B^+^ cells were not detected in the PVNH ([Fig. 2D--F](#f2-mmr-14-04-3503){ref-type="fig"}) and PVNT ([Fig. 2J--L](#f2-mmr-14-04-3503){ref-type="fig"}) of the sham- or MI-operated groups.

c-Fos immunoreactivity following MI
-----------------------------------

In the sham-operated group, c-Fos immunoreactivity was infrequently observed in the PVNH and PVNT ([Fig. 3](#f3-mmr-14-04-3503){ref-type="fig"}). By contrast, the number of c-Fos^+^ cells in the nuclei significantly increased from 3 days onwards following coronary artery ligation compared with the sham group (P\<0.05; [Figs. 3](#f3-mmr-14-04-3503){ref-type="fig"} and [4A](#f4-mmr-14-04-3503){ref-type="fig"}). In the PVNH, the mean number of c-Fos^+^ cells peaked at 3 days after MI (140.5±7.2/mm^2^ per section; [Figs. 3B](#f3-mmr-14-04-3503){ref-type="fig"} and [4](#f4-mmr-14-04-3503){ref-type="fig"}). c-Fos^+^ cells subsequently decreased over time ([Figs. 3C--F](#f3-mmr-14-04-3503){ref-type="fig"} and [4](#f4-mmr-14-04-3503){ref-type="fig"}). In the PVNT, c-Fos^+^ cells were gradually increased and their mean number was significantly greater at 3 days after MI compared with the sham group (P\<0.05; [Fig. 4B](#f4-mmr-14-04-3503){ref-type="fig"}) and peaked at 14 days after MI (159.7±16.4/mm^2^ per section; [Figs. 3H--L](#f3-mmr-14-04-3503){ref-type="fig"} and [4B](#f4-mmr-14-04-3503){ref-type="fig"}). c-Fos^+^ cells were infrequently observed in PVNH and PVNT 56 days after MI ([Figs. 3F, L](#f3-mmr-14-04-3503){ref-type="fig"} and [4](#f4-mmr-14-04-3503){ref-type="fig"}).

c-Fos protein expression levels increase following MI
-----------------------------------------------------

Western blot analysis determined that the changes in c-Fos protein expression levels in PVNH and PVNT following coronary artery ligation ([Fig. 5](#f5-mmr-14-04-3503){ref-type="fig"}) were similar to the immunohistochemistry findings. c-Fos protein expression levels in the PVNH peaked at the 3 days after MI, and were significantly increased at 3, 7 and 14 days compared with the sham group (P\<0.05; [Fig. 5B](#f5-mmr-14-04-3503){ref-type="fig"}). The protein expression levels subsequently decreased gradually over time following MI. In the PVNT, c-Fos protein expression levels were significantly increased at 7 days after MI compared with the sham group (P\<0.05; [Fig. 5C](#f5-mmr-14-04-3503){ref-type="fig"}) and peaked at 14 days, a decrease in c-Fos expression was subsequently was observed. The c-Fos protein levels in the group observed 56 days after MI were comparable with the sham-operated group ([Fig. 5](#f5-mmr-14-04-3503){ref-type="fig"}).

Discussion
==========

c-Fos is a good biological marker for detecting pathogenesis in the central nervous system. Few studies regarding change in MI-induced c-Fos in the brain have been reported ([@b11-mmr-14-04-3503],[@b20-mmr-14-04-3503]), and the change of c-Fos in the PVNH and PVNT following MI remains to be elucidated. The average infarct size was \~44% of the left ventricle circumference following MI. Neuronal damage was not detected in PVNH and PVNT following MI. c-Fos^+^ cells were not detected in the sham-group. However, the number of c-Fos^+^ cells in the PVNH and PVNT was increased following the induction of MI and peaked at 3 and 14 days, respectively. c-Fos^+^ cells were not detected in the PVNH and PVNT at 56 days after MI induction. Therefore, MI significantly induces c-Fos immunoreactivity and increases c-Fos protein expression levels in the PVNH and PVNT. The increase of c-Fos expression levels may be associated with increased cerebral stress that occurs following MI.

Limiting the blood supply to the left anterior descending coronary artery has been previously used to induce MI in experimental animals, which may model human heart failure ([@b21-mmr-14-04-3503]). Infarcts of similar magnitude have been reported to be associated with reduced cardiac function ([@b15-mmr-14-04-3503],[@b22-mmr-14-04-3503]). The present study did not identify a significant difference between the size of the infarcts at any time following the induction of MI.

Previous studies have demonstrated that MI induces neuronal damage in several regions of the brain, including the hippocampal CA1 region and amygdala ([@b5-mmr-14-04-3503],[@b23-mmr-14-04-3503]--[@b25-mmr-14-04-3503]). However, neuronal damage was not detected in the PVNH and PVNT using CV and F-J B histofluorescence staining in the present study. Therefore, it is possible that neurons in the PVNH and PVNT may be less susceptible to MI-induced damage.

The PVNH contains sub-populations of neurons that may be activated by various stresses and physiological changes ([@b26-mmr-14-04-3503]). Additionally, it is the primary site for the activation of vasopressin-synthesizing neurons in humans and rats following MI ([@b3-mmr-14-04-3503]). Therefore, the PVNH may be involved in altering volume reflex, which has been previously observed in MI ([@b11-mmr-14-04-3503]). The PVNT is also important for the arousal/attention response and modulating the process of stress-associated information following MI ([@b27-mmr-14-04-3503]). PVNT is activated following various stresses, including immobilization, pain and fear ([@b28-mmr-14-04-3503]--[@b31-mmr-14-04-3503]).

c-Fos is associated with the neuronal activation underlying learning and memory processes in the central nervous system (CNS) ([@b32-mmr-14-04-3503],[@b33-mmr-14-04-3503]). Additionally, it has been reported that c-Fos is useful for investigating the neuronal plasticity required for spatial memory processes ([@b33-mmr-14-04-3503]--[@b35-mmr-14-04-3503]). A previous study demonstrated that pain and immobilization stress increased the number of neurons exhibiting Fos-like immunoreactivity in several regions of the brain, including the PVNH ([@b36-mmr-14-04-3503]). However, the association between c-Fos expression and neuronal activation in the CNS following MI has not been fully elucidated. It was previously reported in a rat model of the MI, that the number of c-Fos^+^ cells was increased in the hypothalamus containing PVNH ([@b11-mmr-14-04-3503]). Additionally, changes in the number of c-Fos^+^ cells in the PVNH occurred at 2 and 4 weeks following MI compared with the sham group in a mouse model ([@b20-mmr-14-04-3503]). The present study determined that the number of c-Fos^+^ cells in the PVNH peaked 3 days after MI induction, and subsequently gradually decreased and were comparable with sham controls at 56 days after MI. By contrast with previous findings ([@b11-mmr-14-04-3503],[@b20-mmr-14-04-3503]), the present study observed that the number of c-Fos^+^ cells in the PVNH peaked at an early time-point (3 days) after MI.

However, it was determined that the number of c-Fos^+^ cells in the PVNT was significantly increased compared with the sham group until 28 days after MI and subsequently decreased with time and were comparable with the sham group at 56 days after MI. To the best of our knowledge, the present study was the first to determine that c-Fos remains expressed in the PVNT to a late time-point following MI. This indicates that the increase of c-Fos^+^ cells in the PVNT may be associated with the stress response following MI.

In conclusion, the present study did not detect MI-induced neuronal damage in the PVNH and PVNT. Whereas, MI induced different time-dependent c-Fos expression patterns in the PVNH and PVNT. This suggests that an increased number of c-Fos^+^ cells in the PVNH and PVNT may be associated with MI-induced stress.
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![Masson\'s trichrome staining in the (A) sham- and MI-operated rats at (B) 7 and (C) 56 days after coronary artery ligation. Scale bar, 5 mm. The arrows indicate that the infarct wall of the left ventricle becomes thinned following MI, whereas hypertrophy is evident in the non-infarct wall. Collagen (asterisks) was observed in the infarct wall of the LV 3 days after MI and continued to accumulate with time. (D) At 56 days after MI, Masson\'s trichrome staining demonstrated that necrotic myocardium was replaced with collagen (asterisks) and myofibroblasts. Scale bar, 50 *μ*m in (D). MI, myocardial infarction; LV, left ventricle.](MMR-14-04-3503-g00){#f1-mmr-14-04-3503}

![Crystal violet and F-J B histofluorescence staining of the PVNH and PVNT. Crystal violet staining of PVNH in (A) sham, and (B) 14 d and (C) 56 d myocardial infarction-operated groups. F-J B histofluorescence of PVNH in (D) sham, and (E) 14 d and (F) 56 d myocardial infarction-operated groups. Crystal violet staining of PVNT in (G) sham, and (H) 14 d and (I) 56 d myocardial infarction-operated groups. F-J B histofluorescence of PVNT in (J) sham, and (K) 14 d and (L) 56 d myocardial infarction-operated groups. F-J B^+^ cells were not found in all groups. Scale bar, 200 *μ*m. d, day; PVNH, paraventricular nucleus of the hypothalamus; PVNT, paraventricular nucleus of the thalamus; F-J B, Fluoro-Jade B; 3V, 3rd ventricle; MD, mediodorsal thalamic nucleus.](MMR-14-04-3503-g01){#f2-mmr-14-04-3503}

![c-Fos immunohistochemistry in the PVNH and PVNT. Staining was performed in the PVNH of (A) sham and MI-operated groups at (B) 3 d, (C) 7 d, (D) 14 d, (E) 28 d and (F) 56 d. Staining was performed in the PVNT of (G) sham and MI-operated groups at (H) 3 d, (I) 7 d, (J) 14 d, (K) 28 d and (L) 56 d. In the sham-operated group, c-Fos immunoreactivity was infrequently detected. The arrows indicate the c-Fos immunoreactive cells, the number of c-Fos immunoreactive cells peaked in the PVNH and PVNT at 3 and 14 days, respectively, subsequent to MI. Scale bar, 100 *μ*m. d, day; PVNH, paraventricular nucleus of the hypothalamus; PVNT, paraventricular nucleus of the thalamus; MI, myocardial infarction; c-Fos, proto-oncogene c-Fos.](MMR-14-04-3503-g02){#f3-mmr-14-04-3503}

![Mean number of c-Fos immunoreactive cells in the (A) PVNH and (B) PVNT (n=7 per group). ^\*^P\<0.05 vs. sham group. Data are presented as the mean ± standard error. c-Fos, proto-oncogene c-Fos; PVNH, paraventricular nucleus of the hypothalamus; d, day; PVNT, paraventricular nucleus of the thalamus.](MMR-14-04-3503-g03){#f4-mmr-14-04-3503}

![c-Fos expression in PVNH and PVNT. (A) Western blot analysis of c-Fos protein in the PVNH and PVNT of the sham- and MI-operated rats in sham, 3, 7, 14, 28 and 56 days after MI. c-Fos protein expression is represented as ROD of target immunoblot band to the sham band in the (B) PVNH and (C) PVNT (n=7 per group). ^\*^P\<0.05 vs. sham group. Data are presented as the mean ± standard error. MI, myocardial infarction; PVNH, paraventricular nucleus of the hypothalamus; PVNT, paraventricular nucleus of the thalamus; c-Fos, proto-oncogene c-Fos; d, day; ROD, relative optical density.](MMR-14-04-3503-g04){#f5-mmr-14-04-3503}
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